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ABSTRACT 
 
 Nutrient loss, specifically of nitrate and phosphate, from agricultural land often 
incurs harmful consequences for environmental and groundwater quality and many 
efforts have been attempted to reduce the discharge of agricultural nutrients to open 
waters and groundwater, yet no approach has shown to be robust.  Biochar has been 
demonstrated to alter soil properties, thus soils modified with biochar having significant 
anion exchange capacity (AEC) may exhibit reduced nutrient loss.  Our goal in this 
study was to determine what chemical functional groups contribute AEC to biochar and 
investigate what production conditions and raw material choices yield biochar with 
appreciable AEC.  Further, we assessed stability of AEC through oxidation of biochars 
by exposure to singlet oxygen in an aqueous environment.  We employed chemical 
analysis, BET-surface area, particle density and Fourier transform infra-red (FTIR) 
spectroscopy to characterize the various biochars.  For the studied biochars, AEC values 
ranged from 0.602 to 27.76 cmol Kg
-1
 and increased with decreasing pH (P < 0.0001) 
and increasing pyrolysis temperature.  Oxidation decreased AEC on average by 54%, 
however AEC of a 700 °C alfalfa meal biochar was resistant to oxidation.  Higher 
pyrolysis temperature yielded biochar C of greater condensed aromatic character which 
was more resistant to loss of AEC by oxidation.  Surface area and particle density did 
not influence AEC values.  The cellulose biochar was composed almost entirely of C, H, 
and O but still exhibited significant AEC even at pH 8, suggesting that O containing 
functional groups contribute AEC.  FTIR spectroscopy indicated negligible hydroxyl O, 
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relatively small amounts of carbonyl and carboxyl O, and a prominent peak at 1590 cm
-
1
, which we attribute to C-O
+꞊C stretching in O-heterocycles.  FTIR and 13C nuclear 
magnetic resonance (NMR) spectroscopy also revealed that biochars with different 
levels of condensation of aromatic C oxidize differently with biochars produced at 500 
°C exhibiting development of hydroxyl and carbonyl character and biochars produced at 
700 °C exhibiting peroxy ether character; hence biochar C produced at different 
temperatures oxidize differently. We propose possible mechanisms for oxidation.  We 
conclude that AEC in the studied biochars is primarily due to oxonium functional groups 
formed during pyrolysis.   
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CHAPTER 1 
POTENTIAL OF BIOCHAR TO REDUCE ANIONIC NUTRIENT LEACHING 
LOSS FROM SOIL 
 
Nutrient loss from agricultural ecosystems has severe and often harmful 
consequences for the environment.  Nitrogen in the form of nitrate (NO3
-
) leaches from 
soil and is often carried by subsurface flow to surface waters where it may interfere with 
aquatic life (Camargo et al. 2004) by contributing to eutrophication (Chen et al. 2011).  
In high concentrations, NO3
-
 is toxic to many life forms including humans (Kross et al. 
1993).  The Environmental Protection Agency (EPA) has set an upper limit of 10 ppm 
NO3
-
, measured as elemental nitrogen (N), in drinking water; however, NO3
-
 levels in 
water from many wells in agricultural regions already exceed this limit (Kross et al. 
1993).  Phosphorus is often the limiting nutrient in aquatic ecosystems and loss of 
phosphate from agricultural soils is a major factor contributing to eutrophication of both 
fresh and estuary waters (Correll 1998).  Hence, loss of nitrate and phosphate from 
agricultural soils is a major factor contributing to degradation of environmental and 
water quality.  
The dominant path of NO3
-
 and phosphate loss from agricultural soils excluding 
harvest of biomass is through tile water discharge (Jaynes et al. 2001) in regions where 
tile has been installed to drain soils.  As much as 50% of land in some states bordering 
the Mississippi River is drained by tiles (Jaynes and James 2007).  This water, heavily 
laden with NO3
-
 and phosphate flows into the Mississippi River where it is assimilated 
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with dissolved organic carbon by micro-organisms and causes Gulf Hypoxia (Hoyer 
2011), and resultant fish kills.  This problem is not limited to the United States.  The 
United Nations Environment Programme has found that eutrophication is a problem in 
many open waters in most developing countries (UNEP 2013). 
Various attempts have been made to reduce NO3
-
 and phosphate discharge from 
tile water through water table management (Drury et al. 2001), bio-reactors and 
engineered marshes (Christianson et al. 2009), altered timing of N fertilizer applications  
(Barbieri et al. 2010), and cover crops (Sattell et al. 1999; Askegaard et al. 2011); 
however each of these methods come with disadvantages.  High water table maintenance 
contributes to N loss through denitrification and inadequately drained soils are subject to 
compaction.  High water tables reduce NO3
-
 transport though tiles by simply reducing 
tile flow, however NO3
-
 diffuses to deeper soil horizons eventually contaminating 
ground water.  Indeed, Kross et al. (1993) reported NO3
-
 contamination of many Iowa 
wells used to supply drinking water.  While bioreactors and marshes have proven to 
reduce NO3
- 
discharge from agricultural fields, their functional efficiency is often limited 
during times of high tile flow.  Furthermore these systems consume tillable land and are 
costly.  Nitrogen is lost through denitrification or is immobilized in microbial biomass 
and returns no economic benefit to the farmer with these systems.  Switching to spring N 
application from fall N application has dramatically reduced N leaching loss, however 
some farmers continue to apply N in the fall because fertilizer prices are lower and time 
constraints and adverse weather conditions make it difficult to apply all necessary N in 
the spring.  Furthermore, spring precipitation events can cause significant N leaching 
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especially when crops are young and underdeveloped (Coelho et al. 2012), thus spring N 
application does not ensure reduction in N leaching loss.  Cover crops immobilize N and 
other nutrients and sometimes contribute to allelopathy, which can limit growth of new 
crops (Kaspar et al. 2012; Rice et al. 2012).  Wet field conditions in the spring may 
prevent farmers from accomplishing field work which includes termination of the cover 
crop so significant assimilation of nutrients could cause reduced grain yields in the 
primary crop, resulting in economic loss to farmers.  Late harvest and wet field 
conditions may prevent the timely planting of cover crops limiting the effectiveness of 
this option.  All of the current approaches to reduce leaching losses of NO3
-1
 and 
phosphate have their merits, but none are robust.  A more promising approach to reduce 
nutrient leaching loss is through altering soil chemistry. 
Leaching loss of NO3
-1
 and phosphate from agricultural soils is largely attributed 
to lack of anion exchange capacity (AEC).  Ulen et al. (2012) and Lang et al. (2013) 
determined that the dominant form of N in tile discharge is NO3
-1
; with values up to 85 
and 92% of total dissolved N, respectively.  Significant fractions of total phosphorous in 
tile water are classified as dissolved reactive phosphorous (DRP) (Coelho et al. 2012; 
Ulen et al. 2012) which is predominantly orthophosphate.  These anions elute through 
soil due to the lack of positively charged exchange sites.  Electrostatic repulsion from 
negative charge sites on mineral surfaces causes anions to concentrate in the soil solution 
where they are moved by convective water flow.  While some phosphate may be 
retained against leaching by chemisorption, retention of NO3
-
 is strictly due to 
4 
 
Coulombic interaction with positive surface charges and is therefore dependent on the 
AEC of soil.  
It is well known that certain mineralogy can contribute AEC to soil.  Khanmee et 
al. (2013) reported point of zero net charge of Thai kaolinites between 2.1 and 3.1 with 
nominal AEC values approaching 50 mmol (+) Kg
-1
 at pH 2.  AEC of kaolinites as other 
aluminosilicate clay minerals is found on the lateral edges of phyllosilicate sheets 
(Bolland et al. 1976; Qafoku and Sumner 2002) whereas iron and aluminum 
oxihydroxides have pH dependent AEC over much of their surfaces.  Wong and 
Whittwer (2009) reported delayed nitrate leaching in Western Australian soils and 
attributed this to AEC associated with citrate – dithionite extractable iron and aluminum 
from these soils.  Most temperate region soils, by contrast, are dominated by negatively 
charged phyllosilicate minerals therefore AEC is negligible in these soils.   
There is potential to reduce leaching loss of NO3
-1
 from soil by increasing AEC 
of the soil.  Torres-Dorante et al. (2009) demonstrated that soil amended with layered 
double hydroxides (LDHs), a class of anion exchange minerals, can reduce NO3
-1
 
leaching loss and that adsorbed NO3
-1
 was available for subsequent crops.  In their study, 
LDH amended soils were used in four cropping cycles over 18 months and LDH proved 
to be a reversible exchanger of nitrate and LDH amended soils did not reduce plant 
uptake of NO3
-1
.  LDHs, however are not stable in acidic soil environments as they are 
formed only under basic conditions (Boclair and Braterman 1999).  Agricultural soils in 
humid regions naturally range from neutral to mildly acidic and are often further 
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acidified through the use of ammonical fertilizers, thus the use of LDHs in humid region 
agricultural soils is not practical as they would be rapidly degraded.   
Biochar may be a more suitable alternative for increasing AEC of soils as it may 
have longer lasting effects than LDHs.  Biochar is the solid co-product of biomass 
pyrolysis which also produces gas phase products, bio-oil and syngas, which are 
bioenergy raw materials that can be upgraded to liquid transportation fuels, asphalt, and 
various chemicals or be burned to generate heat and/or power for industrial processes 
(Laird et al. 2009).  Almost any organic material, including wood, corn and wheat 
stover, and various dedicated biomass crops, can be used as a feedstock for pyrolysis.  
An integrated pyrolysis platform which converts bio-renewable resources, specifically 
agricultural residues, into fuel and valuable chemicals could result in an abundance of 
biochar which could become a resource for use as a soil amendment in agriculture if it is 
produced as a byproduct of bioenergy production using emerging pyrolysis technologies 
(Laird 2008). 
Recent studies have determined that many soils throughout the world contain 
charcoal and various authors refer to it as carbon black or simply biochar.  This charcoal 
is from natural wildfire (Kuhlbusch 1998; Rodionov et al. 2010; Schmidt and Noack 
2000) or anthropogenic origin (Cunha et al. 2009).  Biochar is a novel term that 
specifically refers to charcoal produced through pyrolysis of biomass.  Nevertheless, 
charcoal, carbon black, and biochar are a significant part of the carbon (C) pool in soil 
(Fang et al. 2010; Skjemstad et al. 1999; Solomon et al. 2007) and persist due to 
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resistance to oxidation and hence are recognized as a means of potentially modifying soil 
(Laird 2008) with long term effects and of sequestering C, which may help to mitigate 
climate change (Day et al. 2004; Fowles 2007).   
Biochar has long been used as a soil amendment.  The Terra Preta de Indio soils 
of Brazil are an example of the use of charcoal to increase soil fertility (Cunha et al 
2009) in which slash and char of forest materials was used to produce charcoal which, 
after mixed into the native Oxisols, converted these relatively poor soils into rich soils 
capable of producing food for local communities.  Biochar addition to soil has been 
demonstrated to increase soil pH (Mikan et al.. 1996), water holding capacity (Karhu et 
al. 2011), reduce bulk density (Case et al. 2012), contribute cation exchange capacity 
(CEC) (Glaser et al. 2002; Liang et al. 2006; Mao et al. 2012), and improve 
mycchorhizal response in soils (Warnock et al. 2007).  Thus, biochar addition to soil can 
provide many benefits which contribute to soil fertility with long lasting effects as the 
Terra Preta soils continue to be fertile some 800 years after charcoal application (Glaser 
et al. 2001; Glaser 2007; Lehmann et al. 2003).   
 Long-term soil residence of biochar in the soil is due to the recalcitrance of 
biochar C.  Pyrolytic C is known to have long residence times in the soil, extending 
millennia (Gavin et al. 2003; Gouveia et al. 2002; Pessenda et al. 2010).  Greater 
condensed aromatic character of biochar C increases its resistance to oxidation (Ascough 
et al. 2011) and non-protonated aromatic C has been found to be a large fraction of C in 
biochar recovered from Terra Preta and Iowa Endoaquoll soils (Mao et al. 2012).  
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Pyrolysis conditions strongly influence the extent of aromaticity in biochar C, with 
higher temperatures yielding higher C content, more aromatic character (Ascough et al. 
2008; Brewer et al. 2009; Li et al. 2013; Van Krevelen 1950), and higher crystallinity 
(Boateng 2007).  Thus, biochar produced for use as a soil amendment could be 
engineered to last for a long time if produced under proper conditions. 
Biochar interacts with soil at the surface; thus surface area, porosity, and surface 
chemistry all effect how biochar influences the soil environment.  Greater surface area 
and porosity increase contact between biochar particles and the soil solution.  Different 
chemical functional groups all influence contact with the soil solution, reactivity, and 
CEC of biochar.  Aromatic non-protonated C in biochar can be approximated to 
graphene; amorphous aromatic C sheets.  This portion of biochar C is resistant to 
oxidation due to de-localization of pi-electrons within aromatic rings and high ratio of 
bridging C to non-bridging C atoms (Brewer et al. 2009) and is hydrophobic.  Functional 
groups found on biochar surfaces include hydroxyl, carbonyl, carboxylate, hydrogen 
(H), and ether (Cheng et al. 2008; Mao et al. 2012).  These all influence biochar 
chemistry by Coulombic, dipole, and H-bonding interactions with water and solutes.  
Carboxylate groups are unique in that they are in base form at most soil pHs and are 
primarily responsible for the CEC of biochar due to their having a negative formal 
charge.  Different functional groups on biochar are in effect polar nano-sites on a 
relatively non-polar and hydrophobic surface.  This surface structure can sorb molecules 
with both polar and non-polar portions which further alter the surface of biochar.  
Prolonged residence in soil changes the surface chemistry of biochar due to interactions 
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with soil organic matter, adsorption of dissolved organic and inorganic compounds and 
oxidation, thus soil properties induced by biochar application are likely to change in 
time.  Surface chemistry changes include development of carbonyl, carboxylate, ether, 
and hydroxyl surface moieties which are largely responsible for the CEC of such biochar 
(Cheng et al 2008; Mao et al. 2012). Thus, biochar ultimately increases in CEC as it ages 
and will contribute to reduced leaching of cations from the soil. 
Biochar addition to soil has also been proven to reduce NO3
-1
 and phosphate 
leaching (Laird et al., 2010; Knowles et al. 2011).  This may be due to the AEC of 
biochar, although the mechanism is unknown.  If stable anion exchange sites exist on 
biochar surfaces and are capable of reversibly exchanging anions, then soils amended 
with high AEC biochars should exhibit reduced leaching losses of nitrate and phosphate 
in contrast to control soils.  With potential for industrial scale production of biochar as a 
co-product of bioenergy production (Laird 2008), biochars engineered to have high AEC 
could be used as soil amendments to decrease NO3
-1
 and phosphate leaching losses from 
agricultural and horticultural soils.  Reduced leaching losses of these nutrients through 
improved soil AEC would reduce contamination of surface and ground water, help 
mitigate the severity of Gulf Hypoxia, and reduce the amount of fertilizer applied to 
agricultural soils needed to maintain optimal fertility.  The benefits of improved soil 
AEC extend beyond direct benefit to the farmer, but to society as a whole.  Just as the 
biochar recovered from Terra Preta soils continues to provide fertility and CEC, biochars 
engineered with high AEC could potentially provide long-term reduced leaching losses 
of anions. 
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Very little is known about the AEC of biochar; hence it was the purpose of this 
work to investigate the chemistry responsible for AEC in biochars, determine pyrolysis 
conditions that enhance the development of AEC functional sites, and assess the stability 
of AEC under environmentally relevant conditions.  With better understanding of 
biochar AEC, engineers could develop pyrolysis processes to produce biochars with high 
AEC for use as soil amendments and point source anion removal in water treatment 
operations.  Economic feasibility of biochar application may limit biochar use for 
various applications, thus it is imperative to determine the stability of AEC under 
oxidative conditions.  If biochar can be produced with  stable AEC functional sites, then 
use of such biochar as a soil amendment could become a feasible approach to reduce 
NO3
-1
 and phosphate losses from agricultural soils and thereby enhance the sustainability 
of agriculture to meet society’s need for food, fiber, and fuel while concomitantly 
protecting environmental and water quality. 
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Chapter 2 
Anion Exchange Capacity of Biochar 
Abstract 
Use of biochar as a soil amendment has been demonstrated to enhance various 
soil properties.  Some biochars have been shown to have significant levels of anion 
exchange capacity (AEC), which may reduce leaching of anionic nutrients when these 
biochars are applied to the soil.  However, little is known about the nature of AEC sites 
on biochar surfaces.  Our goal in this study was to determine what chemical functional 
groups contribute AEC to biochar and the effects of feedstock properties and pyrolysis 
temperature on biochar AEC.  We employed chemical analysis, BET-surface area, 
particle density and Fourier transform infra-red (FTIR) spectroscopy to characterize the 
various biochars.  For the studied biochars, AEC values ranged from 0.602 to 27.76 
cmol Kg
-1
 and increased with decreasing pH (P < 0.0001) and increasing pyrolysis 
temperature.  Surface area and particle density did not influence AEC values.  The 
cellulose biochar was composed almost entirely of C, H, and O but still exhibited 
significant AEC even at pH 8, suggesting that O containing functional groups contribute 
AEC.  FTIR spectroscopy indicated negligible hydroxyl O, relatively small amounts of 
carbonyl and carboxyl O, and a prominent peak at 1590 cm
-1
, which we attribute to C-
O
+꞊C stretching in O-heterocycles.  We conclude that AEC in the studied biochars is 
primarily due to oxonium functional groups formed during pyrolysis.   
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2.1 Introduction 
 
In pyrolysis, biomaterials such as wood are heated in low-oxygen conditions and 
are thermally converted to various co-products, including bio-oil, syn-gas, and a carbon 
enriched solid residue known as biochar.  There is increasing interest in the use of 
biochar as a soil amendment (Laird 2008), because of evidence demonstrating increased 
soil fertility through the reduction of leaching losses of nutrients such as nitrate and 
phosphate (Laird et al. 2010; Knowles et al. 2011), pH amelioration (Mikan et al. 1996), 
contribution to the cation exchange capacity (CEC) of soil (Glaser et al. 2002), and 
many other intervening mechanisms. 
Biochar’s chemical and physical properties vary widely and are dependent on the 
nature of the feedstock and process conditions.  It is well known that carbon content and 
aromaticity both increase with highest treatment temperature (HTT) (van Krevelen 1950, 
Brewer et al. 2009, Li et al. 2013, Ascough et al. 2008).  Aromaticity accounts for the 
recalcitrance of biochar in soils as condensed aromatic carbon is resistant to oxidation 
(Ascough et al. 2011).  Oxygen (O) containing alcohol, carbonyl, and carboxylate 
functional groups are generally believed to contribute to biochar cation exchange 
capacity (CEC) because they may carry a negative charge and serve as Lewis bases for 
the sorption of cations.  Other O and N containing chemical functional groups in biochar 
contribute to surface properties as they are generally polar and provide sites for 
hydrogen bonding, ion-dipole, and dipole-dipole interactions.  By contrast, the carbon 
rich surfaces of biochar are hydrophobic and provide sorption sites for non-polar 
portions of molecules.  Thus the distribution and density of O and N containing 
12 
 
functional groups greatly influences the relative hydrophilic/hydrophobic nature of 
biochar surfaces.  While the origin of CEC in biochars and the hydrophobic/hydrophilic 
nature of biochar surfaces are mechanistically well understood, little is known about the 
anion exchange capacity (AEC) of biochar and what chemical functional groups and 
structures contribute AEC to biochar. 
Negligible data are currently available in the literature on AEC of biochar and the 
nature and properties of anion exchange sites on biochar.  Mukherjee et al. (2011) were 
not able to detect AEC for oak (Quercus lobata), pine (Pinus taeda) and grass 
(Tripsacumfloridanum) biochars produced at 400 and 650 °C under N2 purge.  They did 
measure isoelectric points between pH 2 and 3 suggesting that AEC might exist under 
very acidic conditions.  By contrast, Inyang et al., (2010) measured AEC values of 6.64 
and 11.19 cmol Kg
-1
 for biochars made from sugarcane bagasse and anaerobically 
digested bagasse, respectively, by pyrolysis at 600 °C; and Silbr et al. (2010) reported an 
AEC of 15.4 cmol Kg
-1
 that was stable over the pH 4 to 8 range for a corn stover biochar 
produced at 500 °C.  Cheng et al. (2008) measured AECs ranging from 1.8 to 8.4 cmol 
Kg
-1
 in freshly prepared biochars and biochars incubated for 12 months at 30 °C; but did 
not detect AEC for biochars recovered from historic kiln sites or fresh biochars that had 
been incubated for 12 months at 70 °C. There are no reports on the nature of AEC sites 
on biochar surfaces, and no reports on the stability of biochar AEC beyond that of Cheng 
et al. (2008).  However, it is evident that AEC can be found in some biochars and that 
feedstock and pyrolysis conditions may play crucial roles in the production of biochars 
with AEC. 
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One hypothesis is that the presence of nitrogen (N) and oxygen (O) heterocycles 
are responsible for the origin of AEC in biochars.  Darvell et al. (2012), Mayer et al. 
(2013), and Pels et al. (1995) all reported presence of pyridinic and pyrrolic / pyridone 
forms of N in biochars.  These structures are consistently reported in biochars which 
contain N and would protonate at pHs below their respective pKas and carry a +1 formal 
charge.  Li et al. (2013) reported formation of O heterocycles in biochar produced from 
rice straw and hull and Fuertes et al. (2010) obtained similar findings in corn stover 
derived biochar using 
13
C nuclear magnetic resonance (NMR) spectroscopic techniques.  
Heterocyclic O is electrically neutral in the case of cyclic ethers or may carry a pH 
independent +1 formal charge when sp
2
 hybridized as in the structure of pyrylium.  
Biochars are commonly known to contain significant amounts of O and some N, yet the 
functional forms of these elements in biochar are not completely understood and there is 
a lack of knowledge as to how pyrolysis conditions influence the development of 
specific functional groups in biochar. 
It was the purpose of this study to determine whether O and/or N heterocycles 
are present in biochar and if these structures contribute AEC to biochar.  We also sought 
to determine whether the AEC of biochar is influenced by HTT and how the chemical 
nature of the biomass feedstock used to produce biochar influences AEC.   
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2.2 Materials and Methods 
 
Biochar preparation 
Bulk biochar samples were produced from three feedstocks:  alfalfa meal, corn 
stover, and cellulose.  The alfalfa meal was a commercial feed purchased from a feed 
store and was used as received.  Corn stover was harvested from a local field and ground 
in a rotary mill (Wiley Mill).  All dust and ground material were combined, mixed, and 
the composite was used.  Cellulose was purchased from Sigma (product No. C8002) and 
was used as received.  The cellulose was a white powder in which >50% passed through 
a 100 mesh screen and was derived from hardwood. 
Biochars were prepared by slow-pyrolysis of the feedstock (500 g) in a muffle 
furnace using a program that quickly brought the furnace temperature to 100 °C below 
peak temperature and held for two hours, then elevated temperature at 0.5 °C/min and 
then held the temperature at HTTs of 500 °C or 700 °C for 1 hr.  During the pyrolysis 
reaction and during cool-down (~12 hr) the biomass was contained within a stainless 
steel box with a loose fitting lid and subjected to a continuous 40 mL min
-1
 N2 purge.  
Biochar was gently crushed to pass through a No. 12 sieve (hole size of 1680 μm), 
mixed and transferred to 1 L plastic storage bottles.  Mass yield was recorded. 
Small quantities of specialty biochars were produced from pure amino acids; 
L(+) lysine monohydrate (Acros Organics) and L-methionine (MP Biomedicals, LLC).  
These biochars were pyrolyzed in forged ceramic crucibles placed inside the stainless 
steel box under the same conditions as the other feedstocks, but with a N2 purge rate of 
200 mL/min.   
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The biochar samples were given various pretreatments before being analyzed by 
FTIR, hereafter those treatments are referred to as untreated, dialyzed, HCl treated, and 
HCl/HF treated.  Untreated samples were freshly prepared biochar samples that were 
ground in a puck mill for two minutes.  Dialyzed biochar was prepared by combining 50 
g freshly prepared biochar with de-ionized (DI) water.  This mixture was shaken on a 
reciprocating shaker for 24 hours; after which, the slurries were transferred to dialysis 
tubing (Spectra / POR
®
 MW6-8000, 32mm).  The ends of the tubing were tied off with 
polyethylene monofilament line and the biochars were dialyzed against DI water until 
the conductivity of the bath solution was steady state.  The alfalfa meal biochar had the 
highest conductivity of bath water at 20 μS and the cellulose and corn stover biochars 
had bath solution conductivities less than 2 μS.  Dialysis lasted for 21 days.   
HCl treated samples were shaken in 1 M HCl for 24 hours on an oscillating 
shaker at room temperature.  pH was measured with pH paper to confirm excess acidity 
(pH < 2).  Samples were then rinsed with Milli-Q water and filtered across 0.45 μm 
Teflon filters under vacuum until the conductivity of the rinsate was below 5 μS.  
Samples were then dried in a convection oven for 24 hours at 105 °C and ground in a 
puck mill for two minutes.  HCl/HF treated samples were subsamples of the HCl treated 
biochars that were further shaken in 0.1 M HCl and 0.3 M HF for 36 hours on an 
oscillating shaker at room temperature, subsequently rinsed with Milli-Q water, and 
filtered across 0.45 μm Teflon filters under vacuum until the conductivity of the rinsate 
was below 5 μS.  Samples were then dried in a convection oven at 105 °C for 24 hours.  
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This HCl/HF treatment was adapted from the International Humic Substance Society 
method for removal of silica from soil humic acid samples (Swift 1996). 
 
Elemental analysis, BET-N2, particle density, ash, pH 
Untreated biochar samples were analyzed to determine total C, N, H, and S 
content, ash content, specific surface area, and particle density.  Oxygen content was 
computed as the difference between the sum of C, N, H, and S mass fractions from unity 
for biochars produced from cellulose, lysine, and methionine.  Elemental analyses were 
performed in duplicate using an Elementar Vario Micro Cube combustion analyzer with 
argon as a carrier gas.  Specific surface area was measured using the Brunauer–Emmett–
Teller (BET) method with a NOVA 4200e gas adsorption analyzer (Quantachrome 
Instruments).  Nitrogen gas was used as the adsorbent.  Samples were degassed for 8 
hours at 300 °C under vacuum prior to analysis.  Six relative N2 pressure points were 
measured from 0.05 to 0.30 P/Po for all analyses.  Particle density measurements were 
made using a helium pycnometer (Pentapycnometer, Quantachrome Instruments).  Ash 
content of untreated biochars was determined gravimetrically following combustion at 
550 °C for 48 hours of 1 to 2 g of oven dried (105 °C for 24 hours) samples in forged 
ceramic crucibles.  Ash analysis was performed in duplicate.  pH of biochars in 1:20 
(wt/wt) suspensions was measured with a pH meter and a glass electrode after being 
shaken for three days on an oscillating shaker. 
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FTIR analysis 
FTIR spectra of biochar samples were obtained using a Nicolet 560 Magna - IR 
spectrophotometer using the diffuse reflectance accessory.  Spectra were measured from 
4000 to 400 cm
-1
 at a resolution of 4 cm
-1
 and a total of 200 scans were averaged to 
produce the final spectrum.  Biochars were co-ground with spectroscopy grade KBr in a 
SPEX 5100 mixer mill at 1% wt/wt in KBr.  Interpretation and assignment of vibrational 
modes was done with literature (Coehlo et al. 2006) and tables found in Pretsch et al. 
(2009). 
 
X-ray Diffraction analysis  
X-ray diffraction (XRD) analysis of biochar samples was performed using a 
Siemen D5000 x-ray diffractometer using Cu Kα radiation generated at 40 KV and 30 
mA. Step scan mode was used with a step size of 0.05° two theta and a dwell time of 7 
seconds per step.  A scintillation counter detector with fixed 0.15° divergence and 1.0° 
anti-scattering slits was used.  Random powder mounts of biochars were analyzed at 
ambient temperature and humidity.   
 
AEC analysis 
Anion exchange capacity was measured using bromide as an index anion.  One 
gram samples of dialyzed biochar were transferred to 125 mL plastic bottles and 
accurately massed.  Samples were prepared in triplicate for three pH levels:  4, 6, and 8.  
Milli-Q water was added and the samples were wetted by shaking on an oscillating 
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shaker.  pH was adjusted using either NaOH or HBr to achieve target pH.  Once stable 
pH was achieved (within 2 weeks), 2 mL of 1 M KBr was added to the suspension, 
shaken for two days, then rinsed on 0.45 μm Teflon filter paper until conductivity of the 
rinsate was below 5 μS.  Biochar was quantitatively transferred back into the 125 mL 
plastic bottle, and combined with 2mL of 2.5 M CaCl2.  Samples were then returned to 
the shaker for two days.  The biochar slurries were diluted with Milli-Q water to 200 mL 
in a volumetric flask.  A portion of this was filtered through an IC Acrodisk
®
 25 mm 
syringe filter with 0.45 μm Supor® PES membrane (PALL Life Sciences) and 10.0 mL 
of filtrate was diluted to 100 mL.  This final solution was assayed for bromide using a 
Dionex
®
 1100 ion chromatograph with an ASRS 300 4mm conductivity detector.  The 
mobile phase was 8mM Na2CO3/ 1 M NaHCO3.  The method was run at 0.7 mL min
-1
 
using an IonPac
®
 AG14A 5μm 3 x 30mm guard column and an IonPac® AS14A 5μm 3 x 
150mm analytical column.  A best fit five point calibration curve was used with a 
standard bracket every 12 sample injections.  The calibration standards were prepared by 
dilution of a certified 7 anion reference standard purchased from Dionex
®
.  Each sample 
was analyzed in duplicate. 
 
Statistical analysis 
Statistical analysis of AEC measurements was performed using SAS 9.3 
(GLIMMIX, SAS 9.3, SAS Institute Inc., Cary, NC, USA).  Data was treated using a 2-
way ANOVA in a randomized complete block design in which individual biochars were 
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treated as blocks.  Main effects of pH and block were assessed as well as the pH by 
biochar interaction effect.   
2.3 Results and Discussion 
Biochar physical and compositional properties  
Pyrolysis temperature and biomass composition influence the chemical and 
physical characteristics of biochar.  The C, N, H, S, and O contents of the studied 
biochars in addition to ash content, pH, specific surface area, and particle density are 
presented in Table 2.1.  Specific surface area of the alfalfa and corn stover derived 
biochars increased with HTT, whereas the opposite trend was observed for the cellulose 
biochar.  Particle density increased while yields decreased slightly with HTT for all 
biochars.  These trends are due to loss of labile elements such as H, N, S and O, which 
are preferentially volatilized relative to C with increasing HTT.  Other constituent atoms 
present in the biomass feedstock, particularly metals are concentrated in the biochar 
fraction during pyrolysis, as reflected by the ash content which increases with HTT 
(Table 2.1).  The ash is composed primarily of silica, salts, and metal carbonates, 
although some metal oxides also form during biomass pyrolysis (Cao and Harris 2010; 
Ying Yao et al. 2011).  The pH of biochar suspensions increased slightly with HTT in 
the cellulose and corn stover biochars and was highest in the corn stover biochars.  The 
pH of biochar suspensions is strongly influenced by the relative concentrations of metal 
oxides, hydroxides, and carbonates. 
Generally the 700 °C HTT biochars contained more C and less N, H, and O than 
the 500 °C HTT biochars (Table 2.1), which is consistent with the literature (Van 
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Krevelen 1950, Brewer et al. 2009, Li et al 2013, Ascough et al. 2011).  The methionine 
biochar, however, did not follow this trend.  The 700 °C HTT methionine biochar had 
lower C and higher O content relative to the 500 °C HTT methionine biochar.  The 
reason for this trend is unclear but, the results demonstrate that different thermal 
conversion mechanisms occur during pyrolysis. 
 
Table 2.1.  Basic properties of the studied biochars, including yields, elemental 
composition, pH, ash content, specific surface area, and particle density.   
Feedstock 
HTT 
(°C) 
Yield 
(%) 
Element Content (%) 
C          N          H          S          O 
pH 
 
Ash 
(%) 
BET-
N2 
(m
2
/g) 
Particle 
Density 
(g/cm
3
) 
Alfalfa 500 29.8 66.03 3.40 2.43 0.18 ** 10.0 28.84 30 1.61 
Alfalfa 700 29.0 68.80 3.23 1.45 0.25 ** 10.0 30.89 176 1.90 
Cellulose 500 27.9 84.80 0.00 2.98 0.08 10.82 8.3 0.87 321 1.34 
Cellulose 700 26.0 90.30 0.01 1.72 0.12 6.12 8.6 0.92 229 1.68 
Corn Stover 500 31.5 75.45 1.48 2.67 0.08 ** 10.1 20.03 150 1.56 
Corn Stover 700 29.8 77.54 1.23 1.48 0.13 ** 10.2 21.93 259 1.74 
Lysine 500 * 80.17 12.63 3.13 0.06 4.01 * * * * 
Lysine 700 * 82.32 12.17 1.37 0.18 3.95 * * * * 
Methionine 500 * 72.63 12.10 3.01 0.62 11.63 * * * * 
Methionine 700 * 61.08 8.56 1.44 4.72 24.20 * * * * 
* indicates was not recorded.  ** cannot be determined from the methods used. 
Oxygen content of feedstocks such as alfalfa and corn stover is not calculable 
here as O is partitioned between the carbon fraction and inorganic mineral phases.  
Figure 2.11 presents XRD patterns of HCl / HF treated 700 °C HTT biochars.  Despite 
treatment with both 1M HCl for 24 hr, grinding, and 0.1 M HCl and 0.3 M HF for 36 
hours, quartz, sylvite, and calcite peaks were detected in the XRD patters of the alfalfa 
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and corn stover biochars.  The results suggest that some inorganic phases are occluded 
within the C matrix of these biochars.  The cellulose employed in this study had 
negligible ash content (Table 2.1) and there was no evidence of any inorganic phases in 
the XRD patterns of the cellulose biochars.  Therefore, we infer that all of the O in the 
cellulose biochar, as measured by difference in elemental analysis, is structurally 
incorporated into the biochar C matrix.  The amino acids used in this study were reagent 
grade monohydrates with greater than 99% purity and therefore we assume that the O 
content determined by mass difference for these biochars is also structural O. 
Evidence of S, N, and O content in the cellulose, lysine, and methionine biochars 
demonstrates that these elements are present as a component of the C matrix in these 
biochars but does not distinguish their structural form.  Thermal conversion mechanisms 
compete during pyrolysis and may result in different chemical structures in biochar, as 
evidenced by the out of trend elemental composition of the methionine biochar.  The 
ultimate fate of these elements depends upon the most stable transitions states 
throughout pyrolysis but particularly during the highest temperature phase of the 
reaction.  Spectroscopic analysis of the final biochar products provides evidence of the 
structural forms of C, N, O, and S in biochar. 
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Figure 2.1.  X-ray diffraction patterns of HCl / HF treated biochars produced at a HTT of 
700 °C with crystalline assignments:  Q = Quartz, S = Sylvite, and C = Calcite 
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FTIR interpretation 
 
Infra-red spectroscopy revealed evidence of substantial structural changes in 
biochars in relation to HTT.  Infra-red spectra of the 500 °C HTT biochars (Figures 2.2 
& 2.3) show little evidence of hydroxyl and amine functionality in the range of 3200-
3500 cm
-1
.  Some evidence for aromatic C-H stretching was observed based on the small 
peaks maximized at 3050 cm
-1
.  There is little evidence of the C-O stretch for ethers 
which should be observed between 1000 and 1300 cm
-1
.  Carbonyl stretching is one of 
the most prominent vibrations observed in infra-red spectroscopy, yet the weak intensity 
of the carbonyl stretching band at 1700 cm
-1
 in these spectra indicates only minor 
contribution of carbonyl groups to the surface chemistry of 500 °C biochars.  Thus it is 
difficult to account for the relatively high levels of structural O (10.82%) found in the 
500 °C cellulose biochar based on the spectroscopic evidence for negligible levels of 
hydroxyl and low levels of carbonyl groups.     
Aromatic C-C stretching is assigned at 1450 cm
-1
.  This assignment is consistent 
with the reduced vibrational frequency of C-C aromatic stretching observed with 
increased condensation of aromatic compounds.  The origin of the prominent 1590 cm
-1
 
band observed in the spectra of the 500 °C cellulose biochar is less clear.  Several 
structures could potentially contribute to the 1590 cm
-1
 band.  The 1700 cm
-1
 carbonyl 
band can shift to 1600 cm
-1
 when carboxylate groups are associated with inorganic 
cations such as Na
+
 or K
+
.  That the intensity of the 1590 cm
-1
 band was not diminished 
when the cellulose biochar was washed with acid (Figure 2.3), however indicates that 
carboxylates are not primarily responsible for the 1590 cm
-1
 band, as the acid washing 
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treatments should have replaced any inorganic cations associated with carboxylate 
groups with protons.  The acid treatment, however, apparently hydrolyzed the S 
containing functional groups evident in the spectra of the 500 °C methionine biochar 
(Figure 2.3).  Elemental analysis confirmed loss of S from the 500 °C methionine 
biochar after acid treatment.    
Aromatic heterocycles such as pyridine and pyrylium exhibit bands near 1590 
cm
-1
.  Although we cannot unequivocally identify the 1590 cm
-1
 band, the prominence of 
this peak is consistent with multiple C-O꞊C and C-N꞊C stretching in aromatic 
heterocycles.  Aromatic C-heteroatom꞊C stretching generally vibrates at lower energy 
than aromatic C-C stretching (here 1450 cm
-1
), with increased mass of the heteroatom.  
The higher energy vibration at 1590 cm
-1
 is likely due to larger bond order in C-O
+
 
bonds (Yoshida et al. 1972) as compared to C-C benzylic bonds, causing the reversal of 
this anticipated trend.  The smaller atomic radius of O
+
 creates a more electronegative 
nucleus resulting in shorter C-O
+
 bond length and an increase in the stretching 
vibrational energy.  The prominence of the 1590 cm
-1
 peak in the FTIR spectra of the 
cellulose biochar which consists almost entirely of H, O, and C atoms further suggests 
that this peak is related to C-O
+
=C stretching in heterocycles.   
Infra-red spectra of the 700 °C HTT biochars (Figures 2.4 & 2.5) exhibited a 
broad band ranging from 1400 to 1600 cm
-1
, which we infer to be due to aromatic C-C 
and heterocyclic C-O
+
 stretching.  The 700 °C HTT cellulose biochar contain 6.12 % O 
(Table 2.1) but the FTIR spectra showed no hydroxyl bands and only weak carbonyl 
bands.  Intensity of all bands in the spectra of the 700 °C HTT biochars is much lower 
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than in the spectra of the 500 °C HTT biochars.  This general decrease in intensity is due 
to increased aromaticity (condensation of aromatic groups) in biochars produced at 
higher temperatures.  Changes in dipoles due to the absorption of infrared radiation are 
restricted in condensed aromatic structures.  The splitting of the carbonyl peak and its 
broad breadth in the 700 C HTT biochars (Figures 2.4 & 2.5) is indicative of Fermi 
resonance; indicating that multiple carbonyls are present within the same conjugated 
structure.  Thus the loss of intensity and the broadening of the absorption bands in 
addition to decreased H and N contents (Table 2.1) support the interpretation of 
increased condensation of aromatic carbon in the 700 °C HTT biochars relative to the 
500 °C HTT biochars.    
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Figure 2.2.  FTIR spectra of dialyzed biochars slow pyrolyzed at a HTT of 500 °C.  Ar 
C-C st indicates aromatic C-C stretching, N-H, O-H st indicate hydroxyl or amide H-
stretching bands; Ar C-H st is aromatic C-H stretching, C=O is carbonyl stretching, R-S-
R is thioether C-S stretching, Ar C-H oop indicates aromatic C-H out of plane 
vibrations, and cyc-S indicates S heterocycle vibration. 
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Figure 2.3.  FTIR spectra of HCl treated 500 °C HTT biochars.  Ar C-C st indicates 
aromatic C-C stretching, N-H, O-H st indicate hydroxyl or amide H-stretching; Ar C-H 
st is aromatic C-H stretching, C=O is carbonyl stretching, and Ar C-H oop indicates 
aromatic C-H out of plane vibration. 
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Figure 2.4.  FTIR spectra of dialyzed 700 °C biochars.  C=O indicates carbonyl 
stretching 
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Figure 2.5.  FTIR spectra of HCl / HF treated 700 °C biochars.  C=O indicates carbonyl 
stretching. 
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Anion exchange capacity 
Measured AEC values ranged from 0.602 to 27.76 cmol Kg
-1
 for cellulose, corn 
stover, and alfalfa meal biochars (Table 2.2).  Due to limited quantities of the amino acid 
biochars, AEC was not measured for the lysine and methionine biochars.  Statistical 
analysis determined that the main effect of pH is significant (P < 0.0001).  Due to the 
experimental design, individual biochars were treated as blocks and it was not possible 
to statistically distinguish the direct effects of HTT or feedstock on AEC.  However, the 
AEC of all 700°C biochars was higher than the AEC of the 500°C biochars produced 
from the same feedstock.  No clear trends in AEC values with respect to feedstock were 
observed.  The N contents of alfalfa and corn stover derived biochars were similar 
ranging from 1.23 to 3.40 %.  For this reason, there was insufficient range in N content 
of the biochars to distinguish a correlation between N content and AEC. 
The increase in AEC with decreasing pH may be best explained by the decrease 
in concentration of competing hydroxide anions.  It is also possible that hetero N atoms 
were increasingly protonated forming pyridinium groups with decreasing pH, however 
comparable levels of AEC were obtained for the cellulose biochars which contain no N 
and the alfalfa biochars which contain 3.40 and 3.23 % N (500 and 700°C HTT biochars, 
respectively).  Such evidence suggests that pyridinium groups were not the dominant 
source of AEC in the studied biochars.  The 700°C HTT corn stover biochar exhibited 
the greatest AEC across all pHs and also had the greatest surface area, suggesting better 
exposure of AEC sites with increased surface area.  This biochar contained negligible N 
at 1.23 %.  Evidence of significant levels of AEC at pH 8 is consistent with oxonium 
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functional groups contributing AEC because the positive charge on oxonium groups is 
independent of pH; by contrast, N heterocycles should be electrically neutral at pH 8 and 
therefore unable to contribute to AEC. 
 
Table 2.2.  Anion exchange capacity of biochars produced from three feedstocks at 500 
and 700 °C HTT.  Analyses performed in triplicate and data is presented as average 
(standard deviation). 
Feedstock HTT 
(C) 
pH 4 
(cmol Kg-1) 
pH 6 
(cmol Kg-1) 
pH 8 
(cmol Kg-1) 
Alfalfa 500 10.88 (2.461) 3.095 (0.279) 0.938 (0.338) 
Alfalfa 700 25.85 (4.083) 9.64 (1.075) 2.15 (0.871) 
Cellulose 500 7.84 (1.938) 2.63 (0.211) 0.602 (0.372) 
Cellulose 700 24.23 (5.944) 18.07 (8.656) 4.11 (0.182) 
Corn Stover 500 17.51 (5.808) 3.77 (0.658) 1.05 (0.206) 
Corn Stover 700 27.76 (9.098) 13.82 (4.225) 7.19 (1.39) 
 
 
2.4 Conclusions 
Biochars produced from alfalfa meal, corn stover, and cellulose at 500 and 700 
°C have significant levels of AEC, which increases with increasing HTT and decreasing 
pH.  The increase in AEC with decreasing pH is attributed to decreasing competition 
from hydroxide ions for anion exchange sites.  The persistence of AEC at high pH 
indicates the development of positive charge sites on biochar surfaces that are 
independent of pH.  Presence of AEC in a biochar produced from cellulose, which had 
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negligible ash content and is composed almost entirely of C, H, and O, indicates that 
AEC sites must be due to O containing functional groups.  Both chemical evidence 
showing significant levels of structural O in the cellulose biochars and spectroscopic 
evidence for minimal levels of hydroxyl, carbonyl, and carboxylate functional groups 
suggest that much of the structural O must be present as heterocycles in the biochar.  
Fourier transform infra-red spectroscopy revealed the presence of a 1590 cm
-1
 absorption 
peak which we attribute to C-O
+꞊C stretching in heterocycles.  Thus we conclude that 
AEC in the studied biochars was primarily due to the presence of oxonium structures 
that were formed during pyrolysis.  The formation of pyridinal functional groups in 
biochar during pyrolysis of high N feedstocks is also likely to occur and these groups are 
expected to carry a positive charge at low pHs.  We found no clear evidence that 
pyridinal groups contributed to AEC of the studied biochars, however this possibility 
cannot be ruled out.  
 
2.5 Future work 
In the future, we look to 
13
C NMR spectroscopy to confirm and quantify the 
functional forms of N and O in biochar.  We would also like to determine what pyrolysis 
conditions and parameters could optimize the formation of AEC functional sites in 
biochar. 
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CHAPTER 3 
STABILITY OF ANION EXCHANGE SITES DURING CHEMICAL 
OXIDATION OF BIOCHAR  
 
ABSTRACT 
  
Little is known about the stability of anion exchange capacity (AEC) of biochars 
and by what mechanisms AEC changes as biochar weathers in soil environments.  Our 
goal in this study was to assess the effect of oxidation treatments on AEC of biochar.  
Biochars were oxidized by exposure to singlet oxygen in an alkaline (1 M NaOH) 
aqueous medium for 4 months to mimic what may occur in natural soil environments.  
Oxidation of biochars caused AEC to decline on average by 54%.  Fourier Transform 
Infra-Red (FTIR) spectroscopy demonstrated that biochars produced at 700 °C (peak 
pyrolysis temperature) had greater levels of condensed aromatic C than biochars 
produced at 500 °C.  Oxidation increased the intensity of FTIR bands for carbonyl and 
hydroxy groups in spectra of biochars produced at 500 °C and peroxy ether groups for 
biochars produced at 700 °C.  Biochars produced at 700 °C exhibited a lower decline in 
AEC following the oxidation treatments in contrast to biochars produced at 500 °C.  The 
AEC of an alfalfa meal biochar produced at 700 °C did not change significantly (p = 
0.19) following oxidation.  Stability of AEC in the high temperature alfalfa meal biochar 
is attributed to the highly condensed aromatic character of carbon in this biochar. 
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3.1 Introduction 
Anion exchange capacity (AEC) is a little studied but critically important 
property of biochar that has the potential to influence the transport and plant availability 
of nutrients in biochar amended soils.  Furthermore, biochars with high AEC have the 
potential to be used in the removal of anionic substances from waste streams; hence 
AEC is a useful property of biochar that contributes to its value.  The surface chemistry 
and various physical and chemical properties of biochar are known to change with time 
in soil environments, specifically as it reacts with oxygen (O) containing species.  Not 
known is the extent to which biochar aging influences AEC.   
There has been only one prior study that has addressed the stability of AEC in 
biochar.  Cheng et al. (2008) measured moderate AECs of 9.92 and 6.96 cmol Kg
-1
 for 
biochars produced from oak using traditional kiln methods.  After incubation for 12 
months at 30 °C, AEC declined to 1.80 cmol Kg-1, and biochar incubated for 12 months 
at 70 °C exhibited negligible AEC.  Biochar coated with humic acid exhibited an AEC of 
5.8 cmol Kg
-1
 a slight decrease from the fresh biochar AEC of 8.4 cmol Kg
-1
; this 
decline in AEC is attributed to surface conditioning with humic acid, not the degradation 
of AEC functional sites.  The evidence presented by Cheng et al. (2008) indicates that 
biochar AEC decreases with exposure to soil environments, yet the mechanisms 
responsible for change in AEC are not understood. 
Anion exchange sites in biochar may change due to oxidation.  Oxidation of 
biochar results in an increase in O containing functional groups; specifically hydroxyl, 
carboxylate, and aldehyde moieties (Cheng et al. 2008; Mao et al. 2012).  Cheng et al. 
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(2008) using Fourier transform infra-red (FTIR) spectroscopic evidence reported a 
significant increase of hydroxyl and carbonyl character of biochars recovered from 130 
year old kiln sites and biochars incubated for 12 months relative to freshly made 
biochars prepared by similar methods.  Elemental analysis confirmed an increase in O 
content in the kiln site and incubated biochars.  Though not discussed in their 
publication, an increase in absorption in the 1100 to 1300 cm
-1
 range in Figure 2 is 
consistent with C-O ether stretching, suggesting that these functional groups are 
generated during oxidation of biochar.  They also reported an increase in negative 
surface charge and a decrease in isoelectric point of the aged biochars.  Formation of 
carboxylate groups on biochar surfaces increases cation exchange capacity (CEC) and 
negative surface charge.   
Biochar C can be oxidized by various means and different oxidizing agents yield 
different products (Moreno-Castilla et al. 1995; Moreno-Castilla et al. 1997).  For 
example, Moreno-Castilla et al. (1995) found that oxidation of activated carbon with 
nitric acid yielded nitro groups on the surface of the activated carbon and hydrogen 
peroxide and ammonium persulfate treatments yielded considerably more carbonyl and 
carboxylate moieties.  Hydrogen peroxide, in particular yielded ether groups on the 
activated carbon surface.  Cheng et al. (2006) reported that biochars produced by 
traditional kiln methods and incubated biotically developed carboxylate, lactone, and 
phenolic surface groups, with an increase in carboxylate character being the most 
prominent change.  Figuireido et al. (1998) reported that different phase-dependent 
oxidation mechanisms occur with carbon blacks, with formation of anhydride, 
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carboxylate, and hydroxyl groups occurring in the liquid phase reaction and carbonyl 
groups forming on the surfaces in the vapor phase reaction. 
Oxidation of biochar in the soil environments may be caused by a variety of 
mechanisms, including radical addition (Mulcahy and Young 1975; Xu et al. 2007), 
reaction with superoxide anions (Julia et al. 1982), and reaction with singlet oxygen 
(Chen and Jafvert 2011).  Biotic oxidation may involve hydrogen peroxide released by 
soil biota (McLeod and Gordon 1922; Whittenbury 1963) and condensed aromatic C 
surfaces, such as found in biochars, are also known to decompose hydrogen peroxide.  
Condensed aromatic C is also known to chemisorb oxygen from air and both acidic and 
basic aqueous solutions (Voll and Boehm 1970).  Carbon blacks chemisorb acids leading 
to the production of positive surface charge (Voll and Boehm 1970).  This acquisition of 
AEC by reaction with protons may occur with conjugated pyrones and ketones on 
biochar surfaces resulting in oxonium heterocycles conjugated with a phenol moiety and 
by sorption of protons on the basal planes of aromatic carbon.  This latter mechanism 
involves two different C binding sites, however the author did not further elaborate on 
the nature of these sites (Boehm 1994). 
In the soil, reactions with peroxides, singlet oxygen, and free radicals can occur 
depending on the chemistry of the biochar surfaces and the reductive-oxidative and pH 
conditions prevailing in the soil.  Temperature, solar intensity, and soil moisture content 
all may influence reaction kinetics.  Condensed aromatic carbon oxidizes slowly when 
exposed to reactive forms of oxygen; by contrast plant materials and microbial biomass 
in various stages of decomposition are much more rapidly oxidized.  Ultimately, biochar 
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C does oxidize (Cheng et al. 2008; Mao et al. 2012) and we seek to understand the 
mechanisms by which oxidation occurs. 
In previous work, we demonstrated that biochars can be produced with 
considerable AEC.  Measured AEC values ranged from 0.602 to 27.76 cmol Kg
-1
 for 
biochars produced from alfalfa meal, cellulose, and corn stover.  We identified oxonium 
groups as a likely source of positive charge responsible for AEC based on elemental 
mass balance showing large concentrations of structural oxygen in biochars and FTIR 
spectroscopic evidence of O-C stretching in heterocycles (Chapter 2).  However, we do 
not know at present how these oxonium groups change with time and if they are 
susceptible to change through oxidation. 
In this study we tested the impact of harsh oxidizing conditions (H2O2 in 1 M 
NaOH) on the chemistry of biochars.  We are particularly interested in the impact of 
oxidizing conditions on the AEC of biochars, as this will likely influence the utility of 
high AEC biochars for removing anionic nutrients from effluent streams.  Stable AEC in 
biochars may provide for extended use of biochar and also contribute to improved soil 
AEC and altered nutrient cycling as land application is the likely fate of spent biochar 
used as a sorbent.  
 
3.2 Materials and Methods 
 
Biochar preparation 
Bulk biochar samples were produced from three feedstocks:  alfalfa meal, corn 
stover, and cellulose.  The alfalfa meal was a commercial feed purchased from a feed 
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store and was used as received.  Corn stover was harvested from a local field and ground 
in a rotary mill (Wiley Mill).  All dust and ground material were combined, mixed, and 
the composite sample was used.  Cellulose was purchased from Sigma (product No. 
C8002) and used as received.  The cellulose was a white powder derived from hardwood 
in which >50% passed through a 100 mesh screen. 
The biochars were prepared in batches by slow-pyrolysis of the feedstocks (500 
g) in a muffle furnace using a program that quickly brought the furnace temperature to 
100 °C below peak temperature, held the temperature stable for two hours, elevated the 
temperature at 0.5 °C min-1 to a highest treatment temperature (HTT) of either 500 °C 
and 700 °C, and then held the temperature at the HTT for 1 hr.  During the pyrolysis 
reaction and during cool-down (~12 hr) the biomass was contained within a stainless 
steel box with a loose fitting lid and subjected to a continuous 40 mL min
-1
 N2 purge.  
Biochar was gently crushed to pass through a No. 12 sieve (hole size of 1680 μm), 
mixed and transferred to 1 L plastic storage bottles.  Mass yield was recorded. 
Biochars were dialyzed against de-ionized (DI) water to remove soluble salts 
prior to measurement of AEC.  Fleshly prepared biochars were initially dialyzed by 
combining 50 g biochar samples with DI water.  This mixture was shaken on a 
reciprocating shaker for 24 hours; after which, the slurries were transferred to dialysis 
tubing (Spectra / POR
®
 MW6-8000, 32 mm).  The ends of the tubing were tied off with 
polyethylene monofilament line and the biochars were dialyzed against DI water until 
the conductivity of the bath solution reached a steady state.  After 21 days of dialysis, 
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the conductivity of the bath water was 20 μS for the alfalfa meal biochar and less than 2 
μS for the cellulose and corn stover biochars. 
 
Oxidation of biochar 
Subsamples (20 g) of dialyzed biochars were transferred to 125 mL plastic 
bottles and combined with 50 mL 1 M sodium hydroxide (NaOH).  Weekly, 1 mL of 
30% H2O2 was added to this mixture, allowed to stand for 10 minutes, capped, and then 
shaken on a reciprocating shaker.  This oxidation treatment was continued for a total of 4 
months.  On termination of the oxidation treatments, the biochars were rinsed with 
deionized water on 0.45 μm Teflon filter paper until conductivity of the rinsate was 
below 5 μS.  The biochars were subsequently dried in a convection oven at 105 °C for 3 
three weeks. 
 
Elemental analysis 
 
Fresh and oxidized biochar samples were analyzed to determine their total 
elemental composition.  Carbon, N, H, and S content were determined using an 
Elementar Vario Micro Cube combustion analyzer with argon as a carrier gas.  Oxygen 
content was computed as the difference between the sum of C, N, H, and S mass 
fractions and unity for biochars produced from cellulose.  All samples were analyzed by 
thermal combustion in duplicate. 
A Philips PW 2404 X-ray fluorescence (XRF) spectrometer was used for the 
bulk chemical analysis.  The spectrometer was equipped with a rhodium X-ray tube that 
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was operated at 3600 Watts for this analysis.  The spectrometer was flushed with helium 
(He) gas during all measurements.  All measurements were corrected for tube drift via a 
monitor sample (AUSMON-silicate minerals reference monitor).  Specimens were 
presented to the spectrometer as loose powders.  Biochars were ground in a SPEX 
shatterbox puck mill for two minutes prior to analysis.  Two grams of sample were 
placed into a disposable sample cup and sealed with polypropylene film (6-μm thick).  
No standard reference materials (SRMs) for the elements of interest were available with 
a comparable matrix.  Therefore calibration standards were prepared by mixing the 700 
°C cellulose biochar (0.92% ash) and the 700 °C alfalfa meal biochar (30.89% ash) with 
known quantities of reference standards, specifically  NIST 1633a, NIST 2691, ACS 
Grade potassium chloride, USGS Nod-A-1, NIST 2910 and AWP Std I.   
 
AEC analysis 
Anion exchange capacity was measured using bromide as the index anion.  One 
gram samples of dialyzed (freshly prepared) and oxidized biochars were transferred to 
125 mL plastic bottles and accurately massed.  Triplicate samples were prepared and 
analyzed.  Milli-Q water was added and the samples were wetted by shaking on an 
oscillating shaker.  pH was adjusted using either NaOH or HBr to achieve pH 6.  Once 
stable pH was achieved (within 2 weeks), 2 mL of 1 M KBr was added to the 
suspension, which were then shaken for two days.  The treated biochar samples where 
rinsed with Milli-Q water on 0.45 μm Teflon filter paper until conductivity of the rinsate 
was below 5 μS.  Biochar was quantitatively transferred into 125 mL plastic bottles, 
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combined with 2 mL of 2.5 M CaCl2, and the samples were then shaken for two days.  
The biochar slurries were diluted with Milli-Q water to 200 mL in a volumetric flask.  A 
portion of each sample was filtered through an IC Acrodisk
®
 25 mm syringe filter with 
0.45 μm Supor® PES membrane (PALL Life Sciences) and 10.0 mL of filtrate was 
diluted to 100 mL.  This final solution was assayed for bromide using a Dionex
®
 1100 
ion chromatograph (IC) equipped with an ASRS 300 4 mm conductivity detector.  The 
mobile phase was 8 mM Na2CO3 in 1 M NaHCO3.  The IC was run at 0.7 mL min
-1
 
using an IonPac
®
 AG14A 5 μm 3 x 30 mm guard column and an IonPac® AS14A 5 μm 3 
x 150 mm analytical column.  A best fit five point calibration curve was used with a 
standard bracket every 12 sample injections.  The calibration standards were prepared by 
dilution of a certified 7 anion reference standard purchased from Dionex
®
.  Each sample 
was analyzed in duplicate. 
 
13
C solid state NMR spectroscopy analysis 
13
C nuclear magnetic resonance (NMR) spectroscopy was performed at 100 MHz 
using a Bruker DSX400 spectrometer and a Bruker 4-mm 
1H−13C double-resonance 
magic angle spinning (MAS) probe head at 14 KHz.  Biochar samples were ground in a 
SPEX shatterbox puck mill for two minutes and were packed into 4-mm diameter 
zirconia rotors with 5-mm long glass inserts at the bottom to constrain the samples to the 
space within the radio frequency coil.  Spectra were acquired using a recently developed 
quantitative cross polarization (CP) technique:  Multi-CP (Johnson and Schmidt-Rohr 
2013).  Recycle delay was 1 s with 0.5 s delay between CP periods, and six loops were 
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applied.  A 4µs 
1
H and 4.5µs 
13
C 90 pulse lengths were used with 60 kHz 
1
H decoupling 
during acquisition and during the Hahn echo. 
Carbon moieties were assayed relative to total carbon based on cumulative NMR 
response in the following regions: carbonyl C 164 – 200 ppm, aromatic C 90 – 164 ppm, 
ether or ester C 61 – 90 ppm, and alkyl C 0 – 61 ppm.  Aromatic C not bound to O (90 – 
143 ppm) was differentiated from aromatic C bound to O (143 – 164 ppm) with 
assignment of aromatic C two bond lengths from O in the range of 90 – 120 ppm and 
aromatic C greater than two bond lengths from O in the range of 120 – 143 ppm.   
Multi-CP is a newly developed NMR method which provides for uniform 
magnetization of all C atoms in a sample through application of multiple CP pulses.  
Magnetization decay for C bound to non-protons is much slower than for C bound to H, 
thus multiple CP pulses magnetize all C atoms in a sample uniformly after a validated 
number of CP pulses.  For this reason, multi-CP is quantitative and yields comparable 
assays of 
13
C to direct polarization (DP) methods.  Measurement of non-protonated C is 
easily implemented in the method during 
1
H decoupling periods and is performed after 
the last CP pulse when C bound to proton has dephased to equilibrium (Johnson and 
Schmidt-Rohr 2013). 
 
Statistical analysis 
Statistical analysis of AEC measurements was performed using SAS 9.3 
(GLIMMIX, SAS 9.3, SAS Institute Inc., Cary, NC, USA).  Data was treated using a 2-
way ANOVA in a randomized complete block design in which individual biochars were 
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treated as blocks.  The fixed effect of age, fresh versus oxidized biochars, was assessed 
as well as the block effect and the 2-way interaction.   
3.3 Results 
Quantifying O in biochars is difficult due to the potential for metals to be 
associated with both organic and inorganic anions, the possibility of multiple transition 
metal oxidation states, and the unknown distribution of inorganically bound metals 
among oxides, hydroxides, carbonates, and halides.  Furthermore, the thermal lability of 
carbonates, hydroxides, and hydrates adds to the difficulty in distinguishing inorganic C, 
H, and O from their organic forms in biochars.  For these reasons, O is determined by 
difference from unity after subtracting the C and H fractions only for the cellulose 
biochars as the cellulose used in this study had negligible ash content and was composed 
almost entirely of C, H, and O.  Thus we make the assumption that all O was covalently 
bonded to C on the surface of or within the condensed aromatic matrix of the cellulose 
biochars. 
Carbon content decreased among all biochars following the oxidation treatments 
(Table 3.1), as would be expected assuming an increase in O content due to oxidation.  
For the 500 °C and 700 °C cellulose biochars, O content increased by 2.7% and 8.4%, 
respectively, following the oxidation treatments.  The greater increase in O content of 
the 700 °C cellulose biochar suggests a different oxidation pathway in the 700 °C 
biochar in contrast to the 500 °C counterpart.  Nitrogen content in the alfalfa meal 
biochars did not change appreciably following the oxidation treatments, while a large 
decrease in N was observed for the corn stover biochars.  Nitrogen content of the 
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original cellulose and the cellulose biochars was negligible.  Oxidation decreased H 
content in all but the 700 °C HTT cellulose biochar.  The slight increase in H content of 
the 700 °C cellulose and corn stover biochars following oxidation may be due to 
abstraction of H from H2O by radicals formed in pyrolysis and basal planes of aromatic 
C which act as strong Lewis bases (Boehm 1994; Goeringer et al. 2001; Xu et al. 2007). 
The S content decreased following the oxidation treatments (Table 3.1), indicating that 
biochar S functional groups are labile under alkaline and oxidative conditions.  Changes 
in composition of the 700 °C HTT alfalfa meal biochar due to the oxidation treatments 
were minor and the H content of this biochar was lowest among biochars in this study 
suggesting that the 700 °C alfalfa biochar may have had a greater degree of condensation 
of aromatic C in contrast to the other biochars.  
Table 3.1.  C, N, H, S, and O contents of fresh and oxidized biochars.   
Feedstock HTT (°C) Age % C % N % H % S % O 
   Alfalfa 500 Fresh 66.03 3.40 2.43 0.18 * 
   Alfalfa 700 Fresh 68.80 3.23 1.45 0.25 * 
   Cellulose 500 Fresh 84.80 0.00 2.98 0.08 10.82 
   Cellulose 700 Fresh 90.30 0.01 1.72 0.12 6.12 
   Corn Stover 500 Fresh 75.45 1.48 2.67 0.08 * 
   Corn Stover 700 Fresh 77.54 1.23 1.48 0.13 * 
   Alfalfa 500 Oxidized 61.46 3.57 2.18 0.11 * 
   Alfalfa 700 Oxidized 68.01 3.39 1.22 0.15 * 
   Cellulose 500 Oxidized 83.68 0.00 2.76 0.02 13.54 
   Cellulose 700 Oxidized 81.83 0.01 3.56 0.07 14.53 
   Corn Stover 500 Oxidized 74.85 0.74 1.97 0.05 * 
   Corn Stover 700 Oxidized 71.25 0.00 1.62 0.10 * 
*  not measurable. 
The alfalfa meal and corn stover biochars contained higher levels of inorganic 
elements than the cellulose biochar (Table 3.2).  Nutrients, including P, Na, K, Mg, Ca, 
Si, Fe, Mn, and Zn, are present in plant tissue and are conservatively partitioned into 
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biochars during pyrolysis.  Other elements including Cr, Ti, and much of the Fe detected 
in the biochars probably leached from the stainless steel containment vessel during 
pyrolysis.  The observed Cr (0.0180 % or 180 ppm) in the 700 °C cellulose biochar 
indicates the necessity of using the right materials in the construction of pyrolyzers to 
avoid heavy metal contamination of biochars intended for soil application.  The presence 
of transition metals in biochar indicates that they may participate in oxidative processes 
of biochar C in the soil. 
Concentrations of certain elements increased with oxidation while others 
decreased.  Calcium, Al, Fe, Ti, and for alfalfa meal biochars, Mg contents increased 
after the oxidation treatments.  Most alkaline earth and transition metals tend to be very 
insoluble at high pHs and therefore remained as solid phases adsorbed to or embedded in 
the biochar surface.  Content of Na, K, and Si decreased with oxidation.  Sodium and K 
are very soluble in water independent of pH and companion anion and thus simply 
solubilized during the oxidation treatments.  Silicon has increased solubility at the high 
pH (~10) of the oxidizing environment and would also have been leached from the 
biochars during the oxidation treatments.   
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Table 3.2.  Element composition of biochars measured by XRF.  Values are in mass 
percent content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
FTIR interpretation 
Infra-red spectroscopy revealed evidence of changes in the organic chemistry of 
biochars following the oxidation treatments.  For the FTIR spectra of the 500 °C HTT 
biochars (Figure 3.1), the broad and relatively weak OH stretching bands (3200-3500 
cm-1) increased in intensity following the oxidation treatments indicating the 
development of alcohol functionality.  The carbonyl peak at 1700 cm-1 increased in 
relative intensity for all biochars, suggesting the formation of new carbonyl surface 
groups during oxidation.  The 1590 cm-1 peak associated with oxonium (Chapter 2) 
increased in prominence after the oxidation treatments, perhaps due to breakdown of 
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surrounding aromatic carbon and/or the development of epoxide, furan, pyran, and/or 
lactone moieties which also absorb in this region.   
No evidence of hydroxyl character was observed in the FTIR spectra (Figure 3.2) 
of the 700 °C HTT biochars either before or after the oxidation treatments.  Oxidation 
treatments increased absorbance in the functional group region between 1000 – 1800 cm-
1 
and the fingerprint region from 560 – 960 cm-1.  Oxidation of the 700 °C HTT alfalfa 
meal biochar also produced a peak at 1074 cm-1 which is assigned as ether C-O 
stretching.  No evidence of increased intensity for the 1700 cm-1 carbonyl band was 
observed following the oxidation treatments.  These changes are consistent with a 
decrease in the degree of aromatic character and development of ether and peroxy-ether 
moieties manifested as C-O stretching between 1000 – 1300 cm-1 and out of plane C-O 
and aromatic C-H deformation bands in the fingerprint region.  These data suggest that 
biochars produced at the different temperatures in this study oxidize differently. 
48 
 
Figure 3.1.  FTIR spectra of 500 °C HTT biochars.  Spectra are labeled as fresh and 
oxidized. 
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Figure 3.2.  FTIR spectra of 700 °C HTT biochars.  Spectra are labeled as fresh and 
oxidized. 
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NMR 
13
C NMR spectroscopy of the 500 °C cellulose biochar was performed using a 
novel multi cross polarization technique (Johnson and Schmidt-Rohr 2013).  Table 3.3 
presents the type of C moiety and amounts in the sample for both total and non-
protonated C.     
Table 3.3.  
13
C Multi-CP NMR results for the 500 °C HTT cellulose biochar.  SSB are 
spinning side bands.  bl is bond length. 
Carbon Moiety Chemical shift (ppm) Fresh (%) Oxidized (%) 
Alkyl sp3 0 - 61 5 4 
sp
3
 bound to O (ether, ester, alcohol) 61 - 90 2 1 
Total Ar C with SSB 90 - 164 92 91 
Total Ar C 2 bl from O 90 - 120 16 14 
Total Ar C > bl from O 120 - 143 60 61 
Total Ar C bound to O 143 - 164 8 9 
Non-protonated Ar C 2 bl from O 90 - 120 4 2 
Non-protonated Ar C > bl from O 120 - 143 32 32 
Non-protonated Ar C bound to O 143 - 164 8 9 
Total carbonyl C 164 - 200 2 3 
 
Aromatic C constitutes the largest fraction of C in biochar.  Almost half (48%) of 
total C in the fresh biochar was non-protonated indicating the high degree of 
condensation of aromatic C in this biochar.  There is some evidence of methyl and other 
sp
3
 hybridized C as manifested by the 4% alkyl C character in the spectrum of the fresh 
biochar.  These C forms were labile to oxidation as manifested by the 1% decrease in the 
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methyl C.  Remaining labile forms of C may have been occluded within biochar and not 
exposed to the aqueous environment during oxidation.  Carbonyl C and aromatic C 
bonded to O both increased by 1% with oxidation.  These changes observed by 
13
C-
NMR spectroscopy agree with the 2.7% increase in O content determined by elemental 
analysis (Table 3.1) and are indicative of development of carbonyl, phenol, and pyran–
like moieties which is also supported by FTIR evidence (Figure 3.1).  Aromatic C bound 
to O increased from 8 to 9% on oxidation while non-protonated aromatic C two bond 
lengths away from O decreased from 4 to 2%.  The decrease in aromatic C two bond 
lengths from O reflects the reactivity of this type of non-protonated C as O is electron 
donating at this distance in aromatic compounds and is the likely site for electrophilic 
attack.  Aromatic non-protonated C greater than two bond lengths from O remained 
constant through oxidation at 32% of total C indicating the recalcitrance of this form of 
C to oxidation.  Much of this C may have been deep within biochar and not present at 
the surface where oxidation occurs.  Aromatic bound to O increased by 1% and is likely 
due to development of phenol character which is supported by FTIR evidence (Figure 
3.1).  The broadness of the peak ranging from 90 – 164 ppm is due to the overlap of 
multiple peaks for aromatic moieties that have similar chemical shifts.  For this reason, it 
is difficult to distinguish between unique C-heteroatom structural forms in a 1-
dimensional NMR experiment with low 
13
C content.  Spectra of the 700 °C cellulose 
biochar were not obtained due to the conductive nature of these biochars.  Despite 
dilution in a non-conductive matrix (laponite), these biochars failed the system 
suitability (wobble curve) test which determines how well the nuclear spins in a sample 
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are tuned to radio frequency.  The specification limit of 4% was breached due to radio 
frequency induced heating via electrical conductivity of condensed aromatic C in this 
sample.  
Figure 3.3.  Solid state MULTI-CP 
13
C NMR spectra of 500 °C HTT biochars 
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AEC 
The AEC of 5 of the 6 studied biochars decreased significantly (P < 0.0001) an 
average of 54% following the oxidation treatments (Table 3.4).  By contrast with the 
other 5 biochars, the AEC of the 700 °C HTT alfalfa meal biochar was 16.4 % higher 
following the oxidation treatment, however based on an unpaired t-test, this difference 
was not significant (P < 0.19). 
 
Table 3.4.  AEC (cmol Kg
-1
 biochar) values for fresh and oxidized biochars measured at 
pH 6.  Data presented as mean (standard deviation). 
 
Feedstock HTT (°C) Fresh AEC Oxidized AEC % Change 
   Alfalfa 500 3.01 (0.279) 1.52 (0.164) -50.8 
   Alfalfa 700 9.64 (1.08) 11.2 (1.39) +16.4 
   Cellulose 500 2.63 (0.211) 0.726 (0.359) -72.4 
   Cellulose 700 18.1 (8.66) 10.5 (15.4) -42.1 
   Corn Stover 500 3.77 (0.658) 1.72 (9.01) -54.5 
   Corn Stover 700 13.8 (4.23) 6.88 (0.733) -50.2 
 
 
3.4 Discussion 
Conditions during the oxidative treatment were alkaline, as the initial aqueous 
medium was 1 M NaOH; hence added H2O2 rapidly deprotonated to HO2
-
.  The peroxide 
anion reacts by one electron transfer with transition metals (van Veen and Visser 1979; 
Yang and Tseung 1993; Kawanishi et al. 2002; Kasprzak 2002), defect sites in aromatic 
C (Goeringer et al. 2001; Xu et al. 2007), and electron rich basal planes of aromatic C 
(Boehm 1994; Moreno-Castilla et al. 2000) to form the peroxide radical.  Equation 1 
illustrates this reaction using Fe as an example of an electron acceptor. 
 H-O-O
-
 + Fe
+3
    H-O-O• + Fe+2  Eqn.  1 
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 H-O-O• + Fe+3 + H2O   O-O: + H3O
+
 + Fe 
2+
  Eqn.  2 
 H-O-O-H + Fe
+2
    Fe+3 +H-O• + -O-H  Eqn.  3 
Peroxide radical may further react with transition metals or aromatic C to form 
singlet oxygen (O-O:) (Equation 2).  Upon addition of H2O2 to biochar slurries, 
significant effervescence was observed which indicated formation of O2 gas.  Bottles 
were left open for 10 minutes to allow most of the gas to escape before the bottles were 
resealed and returned to the shaker.  Most of this gas was O-O:  The strong alkaline 
conditions drove formation of O-O: as acid generated (Equation 2) was consumed by      
-
OH.  Generation of H-O• would be favored in neutral or acidic solutions (Equation 3), 
however the Haber-Weiss reaction was discouraged by the strong alkaline conditions 
used in this study.  Therefore, we assume that the predominant oxidative specie available 
in this system was O-O:   
 
Figure 3.4.  Resonance structures of singlet oxygen. 
 Singlet oxygen has three resonance structures as illustrated in Figure 3.4.  The 
zwitterion structures of singlet oxygen are highly reactive and are a strong nucleophile 
which reacts with olephenic (Clennan and Mehrsheikh-Mohammadi 1983) and aromatic 
C (Chen and Jafvert 2011; Goeringer et al. 2001) as depicted by the scheme of oxidation 
for naphthalene in Figure 3.5. 
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Figure 3.5  Oxidation of naphthalene by singlet oxygen 
We use naphthalene as an example to demonstrate the reaction of polyaromatic 
structures with singlet O.  In structure A, the pi-electrons in the C-C sp
2
 bond attract the 
electropositive oxygen resulting in the intermediate (B) in which the α-C attached to the 
peroxy group becomes sp
3
 hybridized and the β-C becomes a carbocation.  Coulombic 
forces quickly end this intermediate by formation of the peroxy ether depicted (C).  This 
structure rearranges with ring opening to form a dialdehyde (D).  The aldehyde may be 
further oxidized to various carboxylates and alcohols, which are present in aged 
charcoals (Cheng et al. 2008; Mao et al. 2012).  The structure depicted in C, however, 
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can be stable in graphite and graphene structures when the β-C is bridging between two 
aromatic rings; thus it is reasonable to assume that similar peroxy ether structures are 
also stable in highly aromatic biochars.   
Defect sites on graphitic surfaces are also known to chemisorb both singlet and 
triplet O forming stable five and six member ring configurations (Xu and Li 2004).  
Condensed aromatic C also reacts with singlet O in a four plus two pi electron scheme as 
depicted in Figure 3.6.  Formation of the six membered ring results in a stable 
endoperoxide structure (Clennan and Pace 2005).  This mechanism accounts for the 
increased O content of the 700 °C cellulose biochar and increased C-O stretching 
character observed in all 700 °C biochars (Figure 3.2).   
Though not clear why, these data suggest that more condensed aromatic C may 
oxidize differently in a 4 plus 2 pi electron scheme (Figure 3.6) than less condensed 
aromatic C which may more readily oxidize by a 2 plus 2 pi electron scheme with 
formation of a strained 4 membered intermediate (Figure 3.5).  We suggest that this 
could be due to a greater electron donating effect of highly condensed aromatic C.  It is 
evident that the increase in ether character observed in the FTIR spectra of the oxidized 
700 °C HTT biochars may be due to peroxy ethers bonding to one bridging and one non-
bridging C atom after which ring opening did not occur.  The high degree of aromaticity 
in the 700 °C HTT biochars may explain the lack of spectral evidence for formation of 
carbonyl and hydroxyl groups after the oxidation treatments, however it remains unclear 
as to the mechanisms by which oxidation has occurred in this study.   
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Figure 3.6.  Oxidation of aromatic C with endoperoxide formation. 
Another oxidizer which may have been present during the oxidation treatment is 
superoxide (Figure 3.7). 
 
Figure 3.7  Superoxide 
Superoxide may form by one electron transfer from radicals found at defect sites 
in aromatic carbon (Goeringer et al. 2001; Xu et al. 2007) or through the oxidation of 
transition metals (van Veen and Visser 1979; Yang and Tseung 1993; Kawanishi et al. 
2002; Kasprzak 2002).  Superoxide reacts with water to form peroxide anion and 
hydroxide, however alkalinity in the reaction solution would inhibit this transformation.  
Itkis and co-workers (2013) demonstrated that carbon black is readily oxidized by 
superoxide to form carboxylate functional groups on aromatic carbon.  Their study was 
performed in a dry, aprotic environment; however this mechanism may occur with 
biochars close to the soil surface in low humidity conditions.  Though reactions 
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involving superoxide may be responsible for carboxylation of biochar (Cheng et al. 
2008; Mao et al. 2012), there is little evidence of carboxylate formation during oxidation 
of biochars in the present study.  Because of the alkaline environment it is probable that 
superoxide did not form in sufficient abundance to contribute to the oxidation of 
biochars. 
Anion exchange capacity is attributed to oxonium heterocycles in biochars 
(Chapter 2).  The decrease in AEC after the oxidation treatments (Table 3.4) may be 
caused by simple nucleophilic attack, in this case by hydroxide.  Nucleophillic addition 
of hydroxide to the α-C adjacent to oxonium results in formation of a hydroxyl cyclic 
ether (Figure 3.8).  Bond hybridization between C-O
+ 
changes from sp
2
 to sp
3
 with 
oxidation of the α-C resulting in a hydroxy cyclic ether structure (B) or a pyrone, 
depending on aromaticity of the ring.  The loss of formal charge on the hetero O
+
 
explains the decrease in AEC and the increase in alcohol character observed as increased 
O content in Table 3.1 and the FTIR spectra of the 500 °C HTT biochars (Figure 3.1), 
respectively.   
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Figure 3.8.  Oxidation of oxonium heterocycle in biochar by nucleophilic attack. 
 
The charge on the oxonium heterocycle makes it susceptible to nucleophilic 
attack as described above, however this moiety may be stabilized in condensed aromatic 
structures.  When both carbons directly bound to O
+
 are bridging C then reduction of the 
oxonium to ether is less likely, furthermore an oxonium in a bridging position is also 
anticipated to be stable.  Such placement of O
+ 
may explain the stability of AEC for the 
700 °C HTT alfalfa meal biochar against oxidation (Table 3.4).  The high aromaticity of 
the 700 °C alfalfa meal biochar is consistent with negligible changes in C, N, and H 
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content after the oxidation treatment and the lowest H content among the studied 
biochars (Table 3.1).  Further work is necessary to determine whether biochar AEC 
remaining after an initial oxidation treatment is stable against further oxidation as this 
mechanism predicts.   
By contrast with 700 °C alfalfa meal biochar, oxidation reduced the AEC of both 
the corn stover and cellulose 700 °C HTT biochars; however the decreases in AEC for 
the corn stover and cellulose 700 °C HTT biochars were smaller than the decreases 
observed for the corresponding 500 °C HTT biochars.  Carbon content of the 700 °C 
cellulose biochar decreased from 90.3 to 81.8% while O content increased from 6.1 to 
14.5% during the oxidation treatment (Table 3.1).  Carbon content of the 700 °C corn 
stover biochar decreased from 77.4 to 74.8% during oxidation.  These data suggest that 
both the highest pyrolysis temperature and chemistry of the feedstock influence the 
susceptibility of biochars to oxidation and the stability of AEC functional sites. 
 
3.5 Conclusions 
Biochars were oxidized by an environmentally relevant method which exposed 
biochar to significant amounts of singlet O in an aqueous system.  Anion exchange 
capacity in biochar declined with oxidation for most biochars with a mean decrease of 
54% after 4 months treatment time.  The 700 °C HTT biochars exhibited greater 
resistance to loss of AEC during oxidation in contrast to 500 °C HTT biochars while at 
the same time, the 700 °C HTT cellulose biochar acquired greater O content with 
oxidation indicating that oxidation with increase in O content does not necessarily 
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connote loss of AEC, and that biochars produced at different temperatures oxidize 
differently.  More condensed aromatic C can react by a 4 plus 2 pi electron scheme as 
opposed to a 2 plus 2 pi electron scheme and the difference in mechanisms accounts for 
differences in spectral data, however both mechanisms may occur.  Oxidation of biochar 
initially proceeded by peroxy ether formation from the addition of singlet oxygen to the 
surface of aromatic carbon.  This structure was stable in highly aromatic 700 °C HTT 
biochars and manifested as increased absorbance in the 1100-1300 cm
-1
 and 560-960 cm
-
1
 regions of FTIR spectra of oxidized biochars relative to spectra of fresh biochars.  The 
500 °C HTT biochars exhibited an increase in carbonyl, aromatic O, and hydroxyl 
moieties as observed by FTIR and 
13
C NMR spectroscopy and exhibited greater loss of 
AEC with oxidation in contrast to 700 °C HTT biochars.  Development of carbonyl 
character in 500 °C HTT biochars during oxidation is attributed to instability of peroxy 
ethers which react further to produce dialdehydes with ring opening.  This mechanism is 
dominant when singlet oxygen reacts with structures having two or more adjacent non-
bridging aromatic C atoms, and thus is prevalent for the less condensed aromatic C 
found in lower temperature biochars.  Decline in AEC during oxidation is attributed to 
the reduction of oxonium heterocycles to pyran and cyclic ether like structures, and is 
more likely to occur when hetero O
+
 atoms are adjacent to non-bridging than bridging 
aromatic C atoms.  Higher pyrolysis temperature yields biochar with more condensed 
aromatic C that is less likely to have two adjacent non-bridging aromatic C atoms and 
hence is recalcitrant to mineralization and has AEC that is resistant to oxidation.  
Consistent with this interpretation, an alfalfa meal biochar produced at a HTT of 700 °C 
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was resistant to oxidation, and AEC of this biochar was not affected by oxidation.  This 
is likely due to a greater degree of condensation of aromatic C in this biochar.  
 
3.6 Future Work 
In the future, we will employ 2-dimensional 
13
C NMR spectroscopy to determine 
pyrolysis conditions that yield biochars with highly condensed aromatic C, high specific 
surface area, and maximal yield of oxonium heterocycles.  Biochar with these properties 
would contribute oxidation resistant AEC to soils that may provide a long-term benefit 
by reducing leaching losses of anionic nutrients. 
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CHAPTER 4 
CONCLUSIONS 
Anion exchange capacity (AEC) of biochar is a topic that was previously 
neglected and under investigated in the literature.  This thesis demonstrates that biochar 
can be produced with significant AEC and therefore the potential to be used for a variety 
of applications from agricultural and horticultural uses to water filtration and 
environmental remediation to alter the transport of anionic substances. 
At the onset of this investigation, it was hypothesized that biochar AEC could be 
attributed to pH dependent basic sites; specifically heterocyclic nitrogen (N) which, as 
the literature reports, is typically found as pyridinal, pyrone, or pyridine structures in 
biochar.  Of these, pyridinal N can accept a proton from solution at pH 5.2 and acquire a 
positive charge thereby contributing AEC to biochar at an environmentally relevant pH.  
In fact, it was determined that N does not greatly contribute to AEC as it is a minor 
constituent of most biochars, rather biochar AEC is primarily contributed by 
heterocyclic oxygen (O) surface sites.  Iron and aluminum oxihydroxides contribute to 
AEC in soils and can also contribute to biochar AEC, but AEC due to these minerals 
depends on structure of mineral phases and content in biochar.  Iron and aluminum and 
other metals have been found to leach from pyrolyzer materials in minor quantity, up to 
0.2%, thus do not contribute significantly to biochar AEC. 
Investigation of biochar AEC was performed through a 2-way full factorial 
experimental design in which biomasses of high, low, and zero N contents were slow 
pyrolyzed at two highest treatment temperatures (HTTs) to test the effect of N content in 
64 
 
biochar and pyrolysis temperature on AEC.  Biochars were produced from alfalfa meal, 
corn stover, and cellulose at 500 and 700 °C, AEC was measured, and the biochars were 
assessed by Fourier transform infra-red (FTIR), x-ray fluorescence (XRF), and 
13
C 
nuclear magnetic resonance (NMR) spectroscopy.  Specific surface area, elemental 
analysis, and particle density measurements were also made. 
It was found that biochar AEC increases with increasing HTT and decreasing pH.  
The increase in AEC with decreasing pH is attributed to decreasing competition from 
hydroxide ions for anion exchange sites.  The persistence of AEC at high pH indicates 
the presence of positive charge sites on biochar surfaces that are independent of pH.  
Presence of AEC in a biochar produced from cellulose, which had negligible ash content 
and is composed almost entirely of carbon (C), hydrogen (H), and O, indicates that AEC 
sites must be due to O containing functional groups.  Both chemical evidence showing 
significant levels of structural O in the cellulose biochars and spectroscopic evidence for 
minimal levels of hydroxyl, carbonyl, and carboxylate functional groups suggest that 
much of the structural O must be present as heterocycles in biochar.  Fourier transform 
infra-red spectroscopy revealed the presence of a 1590 cm
-1
 absorption peak which we 
attribute to C-O
+꞊C stretching in oxonium heterocycles.  Thus we conclude that AEC in 
the studied biochars was primarily due to the presence of oxonium structures that were 
formed during pyrolysis.  The formation of pyridinal functional groups in biochar during 
pyrolysis of high N feedstocks is also likely to occur and these groups are expected to 
carry a positive charge at low pHs, however we found no clear evidence that these 
functional groups contribute to AEC of the studied biochars.  
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Biochars naturally oxidize in the soil and little was known about the stability of 
biochar AEC and how prolonged exposure to a natural environment affects AEC.  
Biochars were oxidized by an environmentally relevant method which exposed biochar 
to significant amounts of singlet O in an aqueous system.  This approach mimics natural 
conditions which occur in a soil environment.   
Anion exchange capacity in biochar declined with oxidation with a mean 
decrease of 54% after 4 months treatment time.  The 700 °C HTT biochars exhibited 
greater resistance to loss of AEC during oxidation in contrast to 500 °C HTT biochars 
while at the same time, the 700 °C HTT cellulose biochar acquired greater O content 
with oxidation indicating that oxidation with increase in O content does not necessarily 
connote loss of AEC, and that biochars produced at different temperatures oxidize 
differently. 
Oxidation of biochar initially proceeded by peroxy ether formation from the 
addition of singlet oxygen to the surface of aromatic carbon.  This structure was stable in 
highly aromatic 700 °C HTT biochars and manifested as increased absorbance in the 
1100-1300 cm
-1
 and 560-960 cm
-1
 regions of FTIR spectra of oxidized biochars relative 
to spectra of fresh biochars.  The 500 °C HTT biochars exhibited an increase in carbonyl, 
aromatic O, and hydroxyl moieties as observed by FTIR and 
13
C NMR spectroscopy and 
exhibited greater loss of AEC with oxidation in contrast to 700 °C HTT biochars.  
Development of carbonyl character in 500 °C HTT biochars during oxidation is 
attributed to instability of peroxy ethers which react further to produce dialdehydes with 
ring opening.  This mechanism is dominant when singlet oxygen reacts with structures 
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having two or more adjacent non-bridging aromatic C atoms, and thus is prevalent for 
the less condensed aromatic C found in lower temperature biochars.   
Decline in AEC during oxidation is attributed to the reduction of oxonium 
heterocycles to pyran and cyclic ether like structures, and is more likely to occur when 
hetero O
+
 atoms are adjacent to non-bridging than bridging aromatic C atoms.  Higher 
pyrolysis temperature yields biochar with more condensed aromatic C that is less likely 
to have two adjacent non-bridging aromatic C atoms and hence is recalcitrant to 
mineralization and has AEC that is resistant to oxidation.  More condensed aromatic C 
can react by a 4 plus 2 pi electron scheme as opposed to a 2 plus 2 pi electron scheme 
and the difference in mechanisms accounts for differences in spectral data, however both 
mechanisms may occur.  Consistent with this interpretation, an alfalfa meal biochar 
produced at a HTT of 700 °C was resistant to oxidation, and AEC of this biochar was not 
affected by oxidation.  This is likely due to a greater degree of condensation of aromatic 
C in this biochar.  
Further work is needed to determine the chemical environment of O heterocycles 
in biochar in order to fully understand the nature of anion exchange sites in biochar and 
investigate what pyrolysis and process conditions yield optimal development of this 
character.  Though we found that AEC in the 700 °C alfalfa meal biochar was stable 
against oxidation and proposed that position of oxonium and neighboring C in bridging 
positions can protect this oxide against reduction, we lack evidence to confirm this 
argument.  We look forward to a 2-dimensional 
13
C NMR study of biochars produced 
from 
13
C and 
15
N enriched materials in order to determine the chemical environment of 
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elements in biochars produced under different conditions.  Through correlation of cross 
peaks associated with the chemical shifts of different C atoms it should be possible to 
determine what atoms are bonded to different carbons and, hence compose a chemical 
structure of biochar.  Through this method, it should be possible to determine what 
chemical functional groups are produced with specific pyrolysis conditions and 
treatments and thus determine the conditions necessary to maximize production of stable 
AEC in biochar. 
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